Abstract-The focus of this paper is to report on analysis of partial discharge characteristics in insulation samples containing artificially created voids under AC and DC excitation. Samples were initially tested under AC conditions to determine that the artificial void was the dominant source of PD. Once this was proven the samples were tested under DC to generate knowledge on PD under these conditions. The results were analyzed, with differences between AC and DC PD in artificial voids determined. The impact of these differences on potential methods of PD detection are also briefly discussed.
I. INTRODUCTION
LECTRICAL cables are among the most fundamental components of any power grid, from large subsea international interconnectors, to the 'last mile' providing consumers with their electricity supply. The size, cost and current carrying capability are the main considerations when designing and selecting a cable, and in this regard the insulation of these cables is as fundamental as the conductor. Partial discharge (PD) measurement is becoming increasingly vital in monitoring the condition of cable insulation, providing valuable information about the health of the insulation, and predicting when insulation is likely to fail. Partial discharge under AC conditions has been a subject of study for several decades [1] with several commercial solutions available today [2] . However, the increasing use of high voltage DC links, for subsea, or long land-based connections provides motivation for the increased use of PD monitoring on cables operating under HVDC. However, despite the increased intensity of research into PD in HVDC cables, there are significant knowledge gaps, preventing the practical application of PD monitoring techniques to HVDC cables. This paper discusses a method for the creation and PD testing of artificial voids in cable insulation samples previous used under AC conditions for use under DC excitation. Results are presented under both conditions. This work was supported through the EPSRC Centre for Doctoral Training in Future Power Networks and Smart Grids, grant number EP/L015471/1.
II. THEORY

A. Partial Discharge
Partial discharge, is defined by IEC standard 60270 [3] as "localised electrical discharge that only partially bridge the insulation between conductors". PD is produced when there is a defect within a cable, either due to a manufacturing issue, degradation over time, or due to damage during maintenance.
B. AC vs DC Partial Discharge
Much of the initial research into PD under DC conditions was performed at the Technical University of Delft, summarised in [4] . This determined several key differences between PD under AC and DC conditions, finding that DC discharges occurred less frequently, were of smaller magnitude, and, in general, were more of symptom of defects than a cause of them. Other research has looked into DC testing under a range of conditions [5] - [8] , establishing common patterns for corona, surface and void discharges.
C. Cable Insulation
There are a range of insulation options for HVDC cables [9] . In the past mass-impregnated cables have been used; in modern cables, polymeric insulation is utilized. The polymer utilized for this paper was low-density polyethylene (LDPE). LDPE has a long history of use in power cable insulation, and shares the ethylene group with the more recently popular cross-linked polyethylene (XLPE) [10] . The material had a relative permittivity of 2.275.
III. METHOD
For this paper, analysis is performed on the characteristics of PD in artificially-crated voids in polymer samples under both AC and DC excitation. The AC testing was performed to determine the both inception voltage, and to ensure the dominant source of PD was the artificial void.
A. Test Rig
The experimental test-rig (Fig 1. ) consisted of two brass electrodes of 7.5mm radius. The bottom electrode is connected to earth and is fixed. The top electrode is connected to the HV source, and can be adjusted up or down with precision.
The electrodes are rounded to reduce edge effects, and are cleaned and polished after every use. The rest of the rig is constructed from ABS. The rig is placed in a tank of mineral oil, to reduce the chance of additional discharge effects. The temperature of the oil is monitored throughout the testing
B. Test Samples
The test samples (Fig 2.) were created by layering samples of LDPE measuring 15mm x 15mm. Seven layers were used, giving a total thickness of 0.35 mm. A circular section of diameter 1 mm is removed from the central layer. The layers are then placed between the electrodes and the electrodes adjusted until the gap is the same as the size of the sample (0.35 mm).
A similar method has been utilised under AC conditions in [11] and allows for good control over void size and location in materials utilised in power cable insulation. Although a cylindrical void is produced rather than a spherical void.
C. AC Test Method
A IEC 60270 standard-complaint PD measurement system with a bandwidth of 100-400 kHz (Fig 3. ) was used to perform AC testing.
A voltage is applied, starting at the minimum allowed by the equipment, 2.9 kV, this is steadily increased in steps of 100 V every ten minutes until PD inception (defined as at least one PD event per minute) occurs. Once the PD inception is found the voltage is increased to 10 % higher than this, and held for two hours. PD is measured for the entirety of this two hour test period.
D. DC Test Method
The same measurement system (Fig 4. ) was used to perform DC testing, with a high frequency current transformer (bandwidth 100 kHz to 20 MHz) used as the PD sensor.
IV. RESULTS
A. PD Inception
From Paschen's law, it is possible to derive an expected value of breakdown strength, given a gas pressure and gap length.
(1) With an assumed value of air pressure, P, of 100 kPa (standard atmosphere pressure), a value of L as 0.35mm, and values of A, B and C from the Paschen's curve values for air at standard pressure [12] . From this it is possible to determine an expected value for PD inception [13] .
Where VBD is found from (1), LS is the thickness of the solid insulation (0.3mm), and LV is the thickness of the void (0.05mm). From this the expected PD inception voltage would be 2.2 kV In actuality, the PD inception voltage is also influenced by the presence of a free electron. As such the average value found under AC conditions was slightly higher at 3.2 kV, and the value found under DC conditions was significantly higher at 9.1 kV. 
B. AC PD Analysis
The primary goal of the AC testing was to confirm the dominant source of PD detected was that of the artificial void, by comparison of PD plots with established literature. Fig 5 shows the phase-resolved PD plot for the average data obtained over the first hour of the testing period. The PD signals are centered around two phases, between 0-90° degrees, and between 180-270°.
This 'rabbit-ear' pattern is a common indicator of a void type discharge. The 'peaks' occur in advance of the voltage peaks (at around 30° and 210°) which is also indicative of internal discharge. Fig 6 shows the PRPD plot for the entire 2-hour test period.
The 'rabbit-ear' pattern remains prominent over the entire test period, with discharges of a greater charge being more likely to occur in the second hour of testing. Fig 7 shows the cumulative charge over the 2-hour testing period. There is steady increase in PD charge for the initial 20 minutes of the testing period, with a relatively stable period from 20 to 80 minutes, with an increase found again from 80 minutes onwards.
The 'stopping and starting' of PD is also associated with a void discharge [14] .
Overall, results from the AC testing were as expected for a single void in LDPE insulation [14] - [18] , [12] . This validates the test set-up and methodology and allows for knowledge generation under DC conditions. Fig 8 shows the pulse charge histogram for the DC testing over the 2-hour period.
C. DC PD Analysis
The charge magnitudes were found to be in roughly the same range as those under AC conditions. However, the number of discharges were significantly lower, and the applied voltage was significantly higher. There was a relatively steady increase in cumulative charge over the 2-hour test period. The total cumulative charge over the 2-hour test period was significantly lower than under AC excitation.
V. CONCLUSIONS
This paper has presented analysis on DC partial discharge performed via a method now demonstrated to produce expected results under DC conditions. Experimental work completed in this paper has demonstrated the potential limitations of using DC partial discharge detection in a similar manner to AC detection, owing to the overall smaller and less frequent discharges. Significantly the inception voltage for the DC samples was nearly three times greater than that under AC, which confirms previous indications that DC PD is unlikely to be a significant source of cable degradation, however the utility of DC PD as a diagnosis tool were not addressed.
VI. FUTURE WORK
As discussed above, the choice of insulating material is a key one in designing or selecting cable, therefore one consideration for future work would be to consider the impact that the choice of polymeric insulation has on the detected PD patterns. The ease of which condition monitoring through the detection of PD signals can be applied could help in deciding which cable to select. Additionally, determining the feasibility of DC PD detection over longer distances should also be a critical focus. In this regard, determining PD patterns that are found in cable samples under DC conditions would be a sensible next step in continuing this project. The overall aim should be to assess the attenuation of these signals in cables, with consideration of noise reduction methods, to fully assess the practical limitations of DC PD detection in the condition monitoring of HVDC cables.
